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Edited by Vladimir SkulachevAbstract Triggering receptor expressed on myeloid cell-1
(TREM-1) is a recently described receptor that has many eﬀects
on polymorphonuclear neutrophil (PMN), as the engagement of
this receptor on PMN can induce phagocytosis, respiratory burst
and degranulation. We studied the eﬀects of aging on TREM-1
engagement in human PMN. PMN from elderly were found to
have impaired response following TREM-1 engagement. Nota-
bly they were not able to modulate the TREM-1-induced respi-
ratory burst as PMN from young did. TREM-1 engagement
could not reverse PMN survival following incubation with LPS
or GM-CSF in the elderly whereas it did in the young. The phos-
phorylation of TREM-1 signal transduction molecules was al-
tered with aging. Finally, TREM-1 engagement could not drive
the recruitment of TREM-1 in the lipid-rafts of the elderly
explaining in part the altered response. The observed alterations
in TREM-1 response are possibly an important contributing fac-
tor in the higher incidence of sepsis-related deaths in the elderly
population.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Polymorphonuclear neutrophil cells (PMN) play an impor-
tant role in the progression of inﬂammation. They are the ﬁrst
cells recruited to the site of aggression and become highly acti-
vated by a wide array of ligands. Receptor-activated PMN re-
lease chemokines and cytokines such as tumor necrosis factor
(TNF-a), IL-1b, IL-8, macrophage inﬂammatory protein
(MIP)-1a and MIP-1b among others [1]. The products of acti-
vated PMN recruit more cells to the site of inﬂammation andAbbreviations: PI3K, phosphatidylinositol 3-kinase; PMN, polymor-
phonuclear neutrophil; ERK, extracellular signal-regulated kinase;
GM-CSF, granulocyte macrophage colony-stimulating factor; GM1,
ganglioside M1; MFI, mean ﬂuorescence intensity; MIP, macrophage
inﬂammatory protein; NF-jB, nuclear factor-kappa B; PI, phospha-
tidylinositol; PI3K, phosphatidylinositol 3 kinase; PLC, phospholipase
C; ROS, reactive oxygen species; TLR, toll-like receptor; TNF, tumor
necrosis factor; TREM, triggering receptor expressed on myeloid cell
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doi:10.1016/j.febslet.2007.02.029contribute actively to the modulation of the adaptive immune
response.
TREM-1 is a recently described receptor on myeloid cells.
Most of our knowledge comes from experiments done in
monocytes [2,3]. TREM-1 induced eﬀects are mediated by acti-
vation of extracellular signal-regulated kinase (ERK)1/2, phos-
pholipase C-c (PLCc), AKT/PKB and the release of
intracellular calcium [2–4]. Others and we recently demon-
strated that the engagement of TREM-1 by his yet unknown
ligand could induce in PMN: phagocytosis, reactive oxygen
species (ROS) production and degranulation measured by re-
lease of MPO and IL-8; TREM-1-induced degranulation was
potentiated by priming of PMN with LPS [2,4,5].
Aging causes multiple defects in the functions of PMN nota-
bly for the production of ROS, chemotaxis and in the rescue
from apoptosis by pro-inﬂammatory mediators [6–9]. Taking
into considerations that TREM-1 engagement can induce
phagocytosis, respiratory burst and degranulation, it is of ut-
most importance in the resolution of pathogens-induced
aggressions. We therefore studied the consequence of aging
on the eﬀects of TREM-1 engagement in human PMN. We re-
port here for the ﬁrst time that PMN from elderly donors pre-
sented an impaired response relative to young donors
following TREM-1 engagement due to its altered signalling
and its lipid rafts recruitment.2. Materials and methods
2.1. Reagents and antibodies
Anti-human TREM-1 (clone 193015) and phycoerythrin-conjugated
anti-human TREM-1 (clone 193015) were from R&D Systems (Minne-
apolis, MN) and are herein indicated as anti-TREM-1 and TREM-1-
PE, respectively. Anti-phospho PLCc, anti-phospho AKT, mouse
IgG1 isotype control and anti-b-actin were from Santa Cruz (Santa
Cruz, CA). LY 294002 (PI3K inhibitor) was from Calbiochem (San
Diego, CA). DCFDA (carboxy-H2DCFDA) and cholera toxin cou-
pled to Alexa Fluor 488, herein indicated as CT-488, were fromMolec-
ular Probes (Burlington, ON). LPS form Escherichia coli O55:B5 and
all other reagents not otherwise stated were from Sigma–Aldrich (St-
Louis, MO).
2.2. Subjects and PMN separation
Thirty-ﬁve elderly volunteers aged 65–78 years (mean age 73 years)
and thirty-ﬁve young subjects aged 19–25 years (mean age 22 years)
participated in the study. The lipid proﬁle was determined by routine
biochemical analysis and all subjects were in good health, normolipi-
demic and satisﬁed the inclusion criteria of the SENIEUR protocol
for immune investigations of human elderly subjects [10]. Citrated
blood was obtained by venipuncture and PMN were isolated byblished by Elsevier B.V. All rights reserved.
Fig. 1. Alterations in respiratory burst elicited by anti-TREM-1 in
PMN with aging. PMN (2 · 106) from human donors were incubated
with 1 lg ml1 of anti-TREM-1 for the indicated times and respiratory
burst was measured by DCFDA oxidation. Alternatively, PMN were
incubated with GM-CSF (20 ng ml1) alone or in combination with
anti-TREM-1 for 10 min and respiratory burst was measured. The
results shows the mean stimulation index ± S.E.M. from ﬁve diﬀerent
donors and statistical diﬀerences are depicted as followed between
young and elderly donors: *P < 0.05.
1174 C.F. Fortin et al. / FEBS Letters 581 (2007) 1173–1178Ficoll–Hypaque density sedimentation [6]. Purity of PMN was rou-
tinely around 97% as shown by light microscopy and Trypan blue
showed that cell viability was >95%. To exclude activated PMN, the
measure of superoxide production was carried out.
2.3. Measurement of respiratory burst by DCFDA oxidation
PMN (1 · 106) were loaded with 20 lM DCFDA in phosphate-buf-
fered saline at 37 C for 15 min. Cells were then stimulated with anti-
TREM-1 (1 lg ml1) or isotype control (indicated 0 in the ﬁgure) and
ﬂuorescence in the FL-1 channel was read with a FACSCalibur from
Becton Dickinson (Franklin Lakes, NJ) as described [6]. Stimulation
with phorbol myristate acetate was done as positive control and re-
sulted in 10-fold stimulation over baseline for both young and elderly
donors (data not shown). DCFDA oxidation derives from several reac-
tive intermediates but is an adequate probe to assess the overall index
of oxidative stress [11]. Data are shown as stimulation index: mean
ﬂuorescence intensity (MFI) of stimulated cells relative to MFI of rest-
ing cells.
2.4. Apoptosis assay
Freshly isolated PMN (1 · 106) were rapidly incubated with LPS
(1 lg ml1) or granulocyte macrophage colony-stimulating factor
(GM-CSF) (20 ng ml1) or in combination with anti-TREM-1
(1 lg ml1), where indicated in RPMI for 20 h as described [6,8].
The rate of spontaneous apoptosis after 20 h of culture was consis-
tently around 60–70% (data not shown). Staining was done with the
apoptosis detection kit from Santa Cruz. The results are given as apop-
tosis reduction: (number of apoptotic cells after culture in RPMI –
number of apoptotic cells after treatment)/ number of apoptotic cells
after culture in RPMI.
2.5. Cell stimulation and immunoblotting
Puriﬁed PMN were stimulated with 1 lg ml1 of anti-TREM-1 for
indicated times in RPMI containing 10% FBS, subsequent experiments
or sample preparations were done as described [4]. Protein (35 lg) were
resolved by 7.5% denaturing SDS–PAGE and blotted onto a PVDF
membrane. The strips were blocked with 5% non-fat milk for 1 h at
room temperature. Following the blocking, the strips were probed with
the appropriate primary antibodies and analyzed using the ECL detec-
tion system.
2.6. Immunoﬂuorescence staining
Freshly puriﬁed PMN were left unstimulated or stimulated accord-
ingly and ﬁxed by 1% paraformaldehyde to prevent cholera toxin-in-
duced, rather than stimulation-induced, raft association. The cells
were then stained as described [4].
2.7. Statistical analysis
Data were analysed by one-way ANOVA using the Bonferroni cor-
rection. P < 0.05 was considered statically signiﬁcant.3. Results
3.1. Alterations in anti-TREM-1-elicited respiratory burst in
human PMN with aging
The newly described receptor TREM-1 is a known inducer
of human PMN functions [2,4,5]. Our results for the young do-
nors (Fig. 1) conﬁrm the ﬁndings of Radsak et al. [5] who ob-
served that anti-TREM-1 was able to induce over time a 4-fold
respiratory burst increase in human PMN. The stimulation in
the young donors was time-dependent and, as shown elsewhere
GM-CSF synergized with anti-TREM-1, resulting in a small
but signiﬁcant (P < 0.05) increase in the respiratory burst
[4,5]. On the contrary, the PMN from the elderly donors were
not able to further increase their initial response to anti-
TREM-1 (Fig. 1) except for co-stimulation with GM-CSF,
which resulted in a slight increase in DCFDA oxidation rela-
tive to stimulation with anti-TREM-1 or GM-CSF. Diﬀer-ences in the TREM-1 elicited respiratory burst between
young and elderly donors became signiﬁcant (P < 0.05) after
30 min of anti-TREM-1 stimulation. As diﬀerences observed
in DCFDA oxidation with aging could be related to an altered
expression of TREM-1 on the PMN of the elderly, we checked
the expression of TREM-1 on PMN from young and elderly
donors by FACS. We found no diﬀerences in TREM-1 expres-
sion between the two age groups.
3.2. TREM-1 engagement represses anti-apoptotic eﬀects of
pro-inﬂammatory mediator only in the young donors
It is well described that the half-life of human PMN from el-
derly donors is not prolonged by pro-inﬂammatory mediators
[6–8]. Since it has been shown that TREM-1 engagement on
PMN and monocytes could neutralize the anti-apoptotic eﬀect
of Toll-like receptor (TLR) ligands and GM-CSF [5], we won-
dered if this was altered with aging. The results shown in Fig. 2
conﬁrms the earlier ﬁndings relative to the neutralization of the
anti-apoptotic eﬀects by TREM-1 (young: LPS vs. LPS + anti-
TREM-1, P < 0.01) and the lack of eﬀect of pro-inﬂammatory
mediator on PMN survival with aging (young vs. elderly,
P < 0.05 for LPS; P < 0.001 for GM-CSF). Surprisingly, the
engagement of TREM-1 in the elderly could not reverse the
anti-apoptotic eﬀect of LPS and even increased PMN survival
(P < 0.05) in the case of GM-CSF. Interestingly, anti-TREM-1
alone did not have any eﬀects on the rate of spontaneous apop-
tosis in both age groups (data not shown).
3.3. Alterations with aging in the signal transduction elicited by
anti-TREM-1
TREM-1 induced eﬀects are mediated by tyrosine phosphor-
ylation of ERK1/2, phospholipase C-cPLCc, AKT/PKB and
Fig. 2. Suppression of anti-apoptotic eﬀects of pro-inﬂammatory
mediator by anti-TREM-1 only in the young donors. Freshly isolated
PMN (1 · 106) were put 20 h in culture in RPMI with LPS (1 lg ml1)
or GM-CSF (20 ng ml1) and in combination. Staining of annexin V
was done with the apoptosis detection kit. The results are given as a
percentage of apoptosis reduction relative to non-treated cells after
culture in RPMI (mean ± S.E.M. from ﬁve diﬀerent donors) and
statistical diﬀerences between young and elderly donors are depicted as
followed: *P < 0.01.
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in signal transduction in the cells of the immune system, we
veriﬁed if the engagement of TREM-1 resulted in similar alter-
ations in PMN. The phosphorylation of AKT/PKB was
rapidly induced in the young donors and highly increased
(4–8-fold) with stimulation (Fig. 3A, upper panel). Moreover,
this was downstream of the PI3-kinase as LY294002 inhibited
the phosphorylation of AKT. To the contrary in the elderly
donors, the phosphorylation AKT was high in the resting state
and the stimulation with anti-TREM-1 led to a modest and
steady phosphorylation (around 2-fold) which was not further
enhanced (Fig. 3A, lower panel). The results in Fig. 3B (upper
and lower panel) show that the phosphorylation of PLCc is
similar to that is already observed for AKT/PKB after
TREM-1 engagement with aging. These results are in accor-
dance to what is obtained with aging in PMN; the phosphor-
ylation of signaling molecules is high in the resting state and
modestly increased by stimulation [6,8].
3.4. TREM-1 is recruited to lipid rafts in human PMN upon
stimulation in young donors only
In PMN, the importance of lipid rafts has been shown by the
recruitment of various molecules into lipid rafts such as:
NADPH cytochrome b558, proteinase 3 (PR3) [12], death
receptors and DISC assembly [13] or the Src kinases Lyn upon
GM-CSF stimulation [6]. Given the wide eﬀects of the engage-
ment of TREM-1 on human PMN, we therefore studied its po-
tential location to the lipid rafts in these cells using cholera
toxin coupled to ﬂuorescence. Cholera toxin will bind to one
of the lipid raft markers, ganglioside GM1 [14]. In resting
PMN of young donors, TREM-1 is not recruited to the
GM1-lipid rafts (Fig. 4A, upper third panel). However,
2 min of stimulation with anti-TREM-1 was able to induce a
strong recruitment of this molecule to the GM1-lipid rafts(Fig. 4A, lower third panel) as described in the young donors
[14]. Quite to the contrary in the PMN of elderly donors, the
results showed that, in the resting state, TREM-1 was present
in the GM1-lipid rafts (Fig. 4B, upper third panel). Stimula-
tion of PMN from elderly donors with anti-TREM-1 did not
led to further recruitment to GM1-lipid rafts (Fig. 4B, lower
third panel).4. Discussion
Polymorphonuclear neutrophil (PMN) orchestrate the im-
mune response by the release of chemokines and cytokines that
attract the other cells of the innate and adaptive immune sys-
tem. They are extremely important in the resolution of aggres-
sion and defects in their functions aﬀect greatly the outcome.
TREM-1 is a recently described receptor on human monocytes
and PMN, the engagement of TREM-1 on PMN contributes
to the initial inﬂammatory response following the aggression
[2,5]. A numbers of defects in the functions of human PMN
have been shown with aging [7–9]. This is likely to contribute
to the observed increase of infections and lethality in the el-
derly population. As TREM-1 contributes to the initial inﬂam-
matory response by inducing PMN to engage in functions that
have been shown to be impaired with aging, in this paper we
sought to study the eﬀect of aging on TREM-1 functions in
human PMN.
One of the functions of PMN is the production of superox-
ide anion and other reactive oxygen species by the respiratory
burst, which have a main function in the host defence against
invading microorganism as well as other roles [15]. The respi-
ratory burst is one of PMN rapid response and reactive oxygen
species such as H2O2 have been implicated as inducers of nu-
clear factor-j B (NF-jB) activity in a number of cell types
[16]. The results shown herein, concerning the respiratory burst
in PMN (Fig. 1) and the alteration of the signal transduction
(Fig. 3A and B) following TREM-1 engagement are extending
our knowledge related to the deregulated innate immune
response with aging as shown by our group and others
[6,8,17]. Our results indicates that TREM-1 functions and
signaling are also impaired with aging and these ﬁndings are
related to the ‘‘inﬂammaging’’ theory of aging which states
that a global reduction in the capacity to cope with a variety
of stressors and a concomitant progressive increase in pro-
inﬂammatory status are major characteristics of the aging pro-
cess. This phenomenon is provoked by a continuous antigenic
load and stress [10].
Up to date, there are no absolute answers as to why the
signal transduction and functions of immune cells are altered
with aging. In the case of T-cells, our group has demon-
strated that the cholesterol content of the cellular membrane
increases with aging, consequently reducing membrane ﬂuid-
ity [18]. This could have potentially dire consequences on the
assembly of the signalosome in the membrane, thus disturb-
ing signal transduction in T-cells with aging. In contrast, in
human PMN the ﬂuidity of the cellular membrane is slightly
increased without any changes in cholesterol content [9].
However, the protein tyrosine phosphatase-1 (SHP-1), a neg-
ative regulator of GM-CSF signal transduction, is continu-
ously activated in the lipid rafts of PMN from elderly
donors thus impairing the GM-CSF-induced functions of
PMN [6]. Evidences show the importance of lipid rafts in
Fig. 3. Alterations in signal transduction elicited by anti-TREM-1 with aging. Puriﬁed PMN (5 · 106 cells) were stimulated with the anti-TREM-1
(1 lg ml1), or isotype control (indicated 0 in ﬁgure) for indicated times (A and B). To assess the speciﬁcity of the immunodetection, cells were
incubated 30 min with 10 lM LY294002 (a PI3K inhibitor) before stimulation with anti-TREM-1 or isotype control (indicated 0) (A). Cell lysates
were resolved by 7.5% SDS–PAGE and blotted onto a PVDF membrane. The membranes were probed with anti-phospho-AKT (A) and anti-
phospho-PLCc (B) primary antibodies and analyzed using the ECL detection system. b-Actin is shown as loading control for both primary
antibodies. The blots represent a typical image replicated in four diﬀerent, young and elderly, individuals. Results of densitometric analyses of the
phosphorylation from diﬀerent donors are shown as mean arbitrary unit ± S.E.M. and statistical diﬀerences relative to isotype are depicted as
followed: *P < 0.05; **P < 0.01 and ***P < 0.001.
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burst as its components are recruited to them following cell
stimulation [19]. We observed impairment in the recruitment
to GM1-lipid rafts of TREM-1 in the elderly donors follow-
ing stimulation (Fig. 4B). Even a slight change in the mem-brane ﬂuidity towards an increase or a decrease will alter
the recruitment of the signaling molecules to lipid rafts as
was shown for T cells [20]. This impaired recruitment could
be a factor in the alteration of respiratory burst following
stimulation observed in the elderly (Fig. 1). We did not di-
Fig. 4. TREM-1 is recruited to lipid rafts in PMN upon stimulation in young donors only. PMN from young donors were stimulated with 1 lg ml1
of anti-TREM-1 for 2 min (A) before immunoﬂuorescence staining. PMN were stained with TREM-1 coupled to FITC and cholera toxin coupled to
AlexaFluor 488 as a GM1-lipid rafts marker. In (B) PMN from elderly donors were stimulated as above and subjected to the same staining. The
isotype is relative to anti-TREM-1 stimulation and indicates resting state. These experiments were done with three diﬀerent donors, young and
elderly and at least 10 individual cells were examined for each experiment.
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NADPH components to the lipid rafts of elderly donors rel-
ative to young donors. However, this could be a major con-tribution to the alteration of respiratory burst observed in the
elderly especially as there is data showing also altered recruit-
ment of TLR4 in the lipid rafts of the elderly [9].
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tion; this process requires the death and removal of eﬀectors
cells [21]. Inasmuch, TREM-1 has been shown to accelerate
the apoptosis of TLRs ligands-sensitized PMN, thus TREM-
1 can have both pro and anti-inﬂammatory actions [5]. We
showed herein that the engagement of TREM-1 in the presence
of pro-inﬂammatory mediators did not resulted in the reversal
of apoptosis in the elderly as it did in the young donors
(Fig. 2). The percentage of apoptotic cells in the elderly re-
mained essentially the same, further indicating an alteration
in the response to anti-TREM-1. Interestingly, when PMN
from elderly donors were cultured with anti-TREM-1 and
GM-CSF we observed a small but signiﬁcant increase in the
reduction of apoptosis relative to GM-CSF alone. Thus, the
engagement of TREM-1 in the elderly appears to have
opposite eﬀects relative to young donors and these eﬀects are
context-dependent. This further contributes to the pro-inﬂam-
matory status observed in aging. The mechanism is unknown
but needs further investigations. However, the data presented
in this paper evidence a possible reason for the non-responsive-
ness of PMN from the elderly to anti-TREM-1-induced cell
death. As TREM-1 is not recruited in the lipid rafts of the el-
derly upon engagement (Fig. 4A) his eventual targets cannot
be further activated. Possibly amongst them are the death-
receptors who are recruited to lipid rafts upon stimulation
[13]. The engagement of TREM-1 in the lipid rafts could acti-
vates death-receptors (Fas, TRAIL) leading to assembly of
death inducing signal complexes (DISC) and cell death in the
young donors but not in the elderly donors.
In summary, we show here for the ﬁrst time that TREM-1 in
PMN of elderly donors induces an altered early activation
process resulting in a decreased defence mechanism as well
as a late pro-inﬂammatory status by delaying their apoptosis.
Those alterations of TREM-1 activity contribute sequen-
tially to the changes in PMN functions with aging. The
alterations observed for TREM-1-induced functions in the
PMN of elderly can be explained in part by the impairment
of TREM-1 recruitment to lipid rafts where components of
NADPH oxidase and death-receptors are also recruited and
consequently by an altered innateosome formation [4].
Finally, TREM-1 is shed from monocytes and PMN in the
plasma where it exert anti-inﬂammatory functions as a decoy
receptor, this shedding may be lipid rafts-dependent and
recruitment to lipid rafts was found to be altered in the elderly.
In that view, it could be interesting to measure the plasma level
of soluble TREM-1 in healthy and diseased elderly patients
relative to young patients to assess the contribution of soluble
TREM-1 in the higher sepsis related mortality associated with
aging.Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febs-
let.2007.02.029.
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